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Abstract 
A time-accurate multistage Navier-Stokes solver has 

been extended to simulate wake-induced transition in 
unsteady multistage turbomachinery flow. To this end, 
the Spalart-Allmaras turbulence model has been modi- 
fied in several ways and coupled to a transition correla- 
tion on the basis of new modeling approaches by other 
authors. 

Application to an unsteady test case, a turbine cas- 
cade subject to the wake of a moving bar, shows very 
good agreement with the measurements. First, the tur- 
bine cascade is considered without any wake distur- 
bance at two Reynolds numbers. It is shown that the 
model is capable of simulating laminar separation-bub- 
ble induced transition and reproducing correctly the 
observed Reynolds number effects. In the unsteady case, 
no separation occurs due to wake-induced transition. 
The migration of the transition start location is in 
remarkably good agreement with hot film measurement 
data. 

Nomenclature 

E hot film anemometer output voltage 
E0 E at zero flow 
f frequency 
H boundary-layer shape factor, 8*/9 
k turbulent kinetic energy 
L blade length 
p pressure 
t time variable 
T wake passing period 
Tu freestream turbulence intensity 
y+ law-of-the-wall coordinate 
Re9 Reynolds number, U£6 A>E 

Sr Strouhal number 

Copyright © 1999 American Institute of Aeronautics and 
Astronautics, Inc. All rights reserved. 

Greek Svmbols 
8*                displacement thickness 
0                 momentum loss thickness 
v                  kinematic viscosity 
vT                 eddy viscosity 
xw               wall shear stress 

Subscripts 
0 
w 
RMS 

stagnation flow 
wall 
root mean square 

Abbreviations 
S                  separation start 
T                 transition start 
R                 reattachment 

Introduction 

The boundary-layer state determines to a large 
extent the performance, the loss production, and heat 
transfer of turbomachinery components. Especially at 
low Reynolds number operation, prolonged regions of 
laminar or transitional boundary-layers may exist. Very 
often, a further optimization of compressor and turbine 
components with respect to overall efficiency, fuel con- 
sumption, and manufacturing costs only seems possible 
when laminar-turbulent transition effects are taken into 
account. The need to better understand and manage its 
complex physics has led to an increasing number of 
experimental and theoretical investigations1,16,21,29. 
Widely, the different routes and causes for the bound- 
ary-layer to transition from laminar to turbulent flow 
have been classified into natural and by-pass transition, 
separated flow, and wake-induced transition18'30. 
According to Mayle18, transition may be of 'multi- 
moded' nature, that is, different modes of the transition 
process may overlap in time and space. In particular, the 
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wakes of an upstream blade row represent a substantial 
source for the time-periodic disturbance of the bound- 
ary-layer which superimposes on the transition route the 
boundary-layer takes without interference with the 
wake. 

While CFD, based on the numerical solution of the 
Reynolds averaged Navier-Stokes equations, is keeping 
on penetrating the aerodynamic design process, transi- 
tion modeling is becoming a subject of increasing 
importance. Whereas wake-induced transition is not a 
point in steady-state calculations, it is a crucial ingredi- 
ent for meaningful time-resolved studies of aerody- 
namic blade-row interaction. Understanding and 
exploiting the clocking effect22, for example, represents 
an application of technical relevance for time-accurate 
CFD5,6,io,u 

As transition modeling for unsteady turbomachinery 
flow is still in its infancy, transition effects are generally 
not accounted for in time resolved CFD applications. 
Halstead et al.16 discuss results obtained with the 
unsteady boundary-layer code (using a k - e turbu- 
lence) by Fan & Lakshminarayana14 and conclude that 
"no reliable means to compute these flows is yet avail- 
able". For steady-state flows and simple configurations, 
however, some approaches, such as algebraic models 
based on the intermittency concept or low-Reynolds 
number turbulence models with or without additional 
modification26'27 have been developed with varying 
degrees of success24. 

The goal of the paper is to present a Reynolds-aver- 
aged solution method which allows to include turbu- 
lence and transition effects for time-resolved multistage 
flow simulations. To this end, the Navier-Stokes solver 
TRACE-U, which has been developed over the last 
years at the DLR specifically for unsteady turboma- 
chinery flow7,11, is refined. The modeling approach 
taken here is defined, on the one hand, by the high com- 
putational costs of time-accurate multistage flow calcu- 
lations and, on the other hand, the admission that a 
Reynolds-averaged eye is mostly blind of flow scales, 
which truly determine the transition physics. The conse- 
quence of the former is the use of parallel processing 
and that of the latter, a semi-empiric modeling method- 
ology. For engineering use, accuracy and physical con- 
tent are as important as numerical robustness and ease of 
handling. 

The turbulence and transition model is based on the 
one-equation transport model by Spalart & Allmaras25, 
which has been modified in several ways to incorporate 
freestream turbulence effects and to account for transi- 
tion. Doing this, the new ideas by Mayle & Schulz19 to 
calculate pretransitional boundary-layers and by 
Volino28 to incorporate freestream turbulence effects 
were applied and adapted. 

Numerical Method 

The numerical method TRACE-U has been devel- 
oped over the decade to accurately simulate unsteady 
turbomachinery flow on parallel distributed memory 
computers. It is being applied by a growing user com- 
munity both in research and industry. As more detailed 
reports on the numerical method can be found in Engel 
et al.7'8 and Eulitz et al.9'11'12, only a brief description is 
given here. 

The two-dimensional or three-dimensional time 
dependent Reynolds-averaged Navier-Stokes equations 
are solved in a rotating frame of reference for the com- 
pressible ideal gas in conjunction with a turbulence 
model. The convective fluxes are discretized using 
Roe's TVD upwind scheme which is combined with van 
Leer's MUSCL extrapolation to obtain second order 
accuracy in space. For initialization, the flow solver is 
run in a steady-state multistage mode with an implicit 
time integration technique12. At the inlet and outlet 
boundaries of the computational domain, quasi-three 
dimensional non-reflecting boundary conditions accord- 
ing to Saxer and Giles are implemented. The bladerow 
interfaces are coupled through passage-averaged flow 
quantities and treated as entry or exit boundaries. For 
the unsteady calculation, a second-order time-accurate 
four-stage Runge-Kutta scheme is applied in combina- 
tion with a time-consistent two-grid method to extent its 
numerical stability limit. Time accurate coupling of the 
moving and non-moving grid interface is realized by the 
sheared-cell technique. At the inlet and outlet bound- 
aries, the non-reflecting method of Giles is employed. 

To allow for an efficient and easy use of distrib- 
uted memory computers, a subsystem was developed to 
handle the interprocessor communication and the control 
of the distributed program execution. As the parallel sub- 
system has been capsulated from the flow solver, no ex- 
plicit parallelization work is necessary when adding new 
models or numerical methods to the code. Owing to the 
use of standard communication libraries (PVM or MPI), 
the code is hardware independent and currently run on a 
wide variety of distributed or shared memory computer 
systems. 

Turbulence and Transition Modeling 

Although Reynolds averaging and the Boussinesq 
assumption may strictly be inadequate concepts for the 
Navier-Stokes simulation of transitional and highly 
unsteady flow, it is in the light of its technical impor- 
tance for modern turbomachinery design and the com- 
putational requirements of more rigorous approaches, 
worth going this semi-empiric route for engineering 
application. 

Turbulence closure is based on the one-equation 
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transport model by Spalart & Allmaras25 (SA). Formu- 
lated in terms of the eddy-viscosity and derived from 
physical reasoning, it has turned out to be a very com- 
petitive model when compared with more established 
Boussinesque models3. The SA model has been 
extended and adapted in various ways to allow for its 
application to unsteady and transitional flows with wake 
blade row interaction: 

• The low-Reynolds formulation has been modified 
to yield proper asymptotic behavior of the viscous 
damping function when approaching the freestream 
edge of the boundary-layer. 

• The destruction term has been modified for a better 
performance in flows with laminar separation-bubble 
induced transition. 

• An additional production term has been introduced 
to incorporate freestream turbulence effects moti- 

vated by the new approach of Mayle & Schulz19 to 
calculate the pretransitional fluctuations inside the 

boundary-layer and Volino's model28 to include free- 
stream turbulence effects. 

• The original production term has been modified in 
order to allow for its gradual activation and deactiva- 
tion similar to the approach by Schmidt & 

Patankar20. For the transition length, no explicit tran- 
sition correlation is used. However, a transition cor- 
relation is used to detect the start of transition. 

• The transition correlation by Drela4 is used. It sup- 
plies the start of transition in term of the boundary- 
layer momentum thickness. The key parameters of 
the correlation are the boundary-layer shape parame- 
ter and the turbulence intensity. 

Note that the task of modifying a one-equation 
model without compromising its original range of valid- 
ity is much easier than attempting it with a two-equation 
transport model. As the SA-model, like any other Bous- 
sinesq-model, is completely void of transition physics, it 
needs in one or the other way to be informed about tran- 
sition. This is done here by using a transition correlation 
and by modification of the production term. Details on 
the development of the turbulence and transition model 
and its validation can be found in a work by Eulitz13. 

Demonstration 

In the course of its development, the numerical 
method has been compared against a large number of 
steady and unsteady test cases7"12. As agreement or dis- 
agreement with measurement data of complex flows 
may be coincidental, much effort has been spent in a 

step-by-step validation of increasing flow complexity, 
e.g starting from unsteady linear theory8 and ending up 
with 3D flows with shock/boundary-layer interaction 
and self-excited unsteadiness13. To assess the turbulence 
and transition modeling, in the following, a turbine cas- 
cade subject to the wake perturbation of an upstream 
moving bar is considered. 

Figure 1. Setup of experiment: Turbine cascade with 
moving bar facility, from Acton & Fottner1'2. 

Description of Test Case 
For the experimental investigation of unsteady 

wake-induced boundary-layer transition a wake genera- 
tor was designed and built by Acton & Fottner1'2 to be 
mounted on a high-speed cascade wind tunnel, figure 1. 
Special care had been taken to preserve the similarity 
parameters of turbine flow (e.g. wake width and velocity 
defect, turbulence intensity, and Strouhal number), table 
1. As can be seen from the sketch in figure 1, cylindrical 
bars are mounted on a pair of rubber belts which are 
moving around the cascade. On their way forward, the 
bars generate the desired unsteady wakes, on their way 
backward, the bars are sufficiently downstream of the 
cascade to have negligible influence on the cascade flow. 
In the experiment, the configuration was examined for 
different values of the diameter d, speed ubar and pitch P 
of the bars. Here, numerical results will be shown for 
d=2mm, ubar=40 m/s and a pitch being the same as that 
of the blades (P=80mm). In table 1, the primary flow 
parameters with the Mach number at entry (1) and exit 
(2) of the cascade are shown. The given Reynolds num- 
ber Re2tft of the flow is based on blade length and isen- 
tropic exit flow conditions. Red is the Reynolds number 
based on the bar diameter and the inflow conditions. 

Maj Ma2 Re2th Red Sr Tuj 

0.21 0.4 2T05 3150 0.8 1.8% 

Table 1: Primary flow parameter of unsteady test case. 
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f ubar=40m/s 

Figure 2. Numerical model of moving-bar experiment 
using a multiblock computational mesh. 

The two-dimensional numerical model of the experi- 
ment, which covers both the bar and the cascade, is 
shown in figure 2. In the multistage flow solver, the 
moving bar is logically treated as a rotor. Highly con- 
densed O-mesh blocks with dimensions 61x41 for the 
bar and 291x35 for the blade have been used to ade- 
quately resolve the boundary-layer flow at the solid 
walls. The first node off the wall has been set within a 
distance of y+<1.5 in inner wall coordinates. With 71 
nodes in circumferential direction at the interface of the 
moving bar and the turbine meash blocks, the grid has 
been made rather fine in order to resolve the wake on its 
way through the turbine passage. In total, the mesh con- 
tains 29618 nodes. 

Undisturbed Case: Reynolds number Effects 
First, a steady-state calculation without any wake 

perturbation is performed in order to initialize the flow 
field. Further, to check if the current method is capable 
to reproduce Reynolds number effects in transitional 
flows with a laminar separation-bubble, another steady- 
state calculation with a higher Reynolds number, 
Re2th=3105, has been performed. In figure 3, the mea- 
sured and predicted pressure distributions are compared 
for the two Reynolds numbers. One can observe excel- 
lent agreement between the experimental and numerical 
data. It is known that the shape of the pressure distribu- 
tion near the rearward suction side depends in a very 
sensitive way on the extent and location of the laminar 
separation-bubble and, thus, on the transition17. It is the 
region where the Reynolds number most effectively 
influences the pressure distribution. At lower Re2(h, the 
pressure gradient levels off in a more pronounced way 
before it recovers again in the transitional zone. 

Shown in figure 4 are various boundary-layer param- 
eters. As can be expected from the pressure distribution, 
the size of the laminar separation-bubble is larger at the 
lower Reynolds number. In laminar flow boundary-lay- 

ers, a shape parameter H higher than 4 indicates separa- 
tion profiles. For the laminar flat-plate boundary-layer 
(H=2.59), the skin friction scales with the inverse of the 
root of the Reynolds number, cf - 1/,/Re. This Rey- 
nolds number effect is well reproduced along the for- 
ward half (up to x/L=0.6) of the suction-side, where the 
shape parameter is very close to 2.6. Transition start can 
be detected from the steepening cpgradient in the 
reverse flow region. At the higher Reynolds number, 
transition occurs earlier and even upstream of the sepa- 
ration point; only a tiny separation-bubble forms. 

1 
pressure-side 

Po 

0.96 

0.92 r\ 
Re2th = 2 105: Calc. - 

2Ul              Exp. 
Re2th-3 105.Calc. ■ 

Exp. 

V 

0                     1 

A                              \ 

0.88 

suction-side     ***-*-*" 

J?  ' 

0 0.2 0.4 0.6 0.8 
x/L 

1 

Figure 3. Comparison of measured and predicted sur- 
face pressure distribution at two Reynolds 
numbers. 
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Figure 4. Predicted boundary-layer parameters for the 
undisturbed cascade flow at two Reynolds 
numbers. 
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10   15  20 25  30 

Figure 5. Streamlines, velocity vectors, and eddy-vis- 
cosity distribution for different Reynolds 
numbers. 

The streamlines and velocity vectors shown in figure 5 
give an impression of the Reynolds number effects. The 
background color shows where the turbulence model, 
triggered by the transition correlation, starts to produce 
eddy-viscosity. 

Wake Disturbed Case 
In the unsteady case, the bar is moving with a speed 

of 40 m/s giving rise to a wake passing frequency of 500 
Hz and a a reduced frequency (f'L/c) of 0.8. 

Unsteady How Field 
Figure 6 shows instantaneous distributions of the 

absolute density gradient and the eddy-viscosity. As 
expected from the Reynolds number of the cylinder 
Red=3150, a v.Karman vortex street forms in the wake 
of the moving bar. A FFT-analysis of an unsteady pres- 
sure signal of the moving wake reveals frequencies of 
higher amplitude in the range of 10 to 12.5 kHz (figure 
7). This corresponds to an average Strouhal number 
(f'D/w) of 0.215. Also, at the trailing edge of the turbine 
blade v.Karman vortices can be observed. Giving an 
impression similar to a Schlieren picture, the distribu- 
tion of the density gradient (figure 6), shows that the 
v.Karman vortices induce pressure fluctuations which 
quickly spread into all directions. With rather low values 
of the momentum thickness (see figure 4), the boundary- 
layer of the pressure-side never satisfies the transition 
criterion, and thus remains entirely laminar. On the rear- 
ward suction-side of the profile, however, there is a tran- 
sitional zone (the beginning of which is marked by an 
arrow in the eddy-viscosity plot of figure 6). 

10  15  20 25  30 

Figure 6. Instantaneous distributions at a chosen time 
instant, t=t0: of the density gradient (top) and 
of the eddy-viscosity (bottom). 
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Figure 7. FFT-spectrum of unsteady pressure signal in 
the wake of the moving bar. 
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t=to 

t=to+T/4 

t=to+T/2 

t=to+3T/4 

v0    0    5    10   15  20 25   30 

Figure 8. Temporal evolution of the wake disturbed unsteady flow. Sequence of eddy-viscosity isolines 
(left row), skin friction (center), contours of eddy-viscosity near trailing edge (right row). 

To follow up on the temporal evolution of the flow, iso- 
lines of the instantaneous eddy-viscosity and skin fric- 
tion have been supplied in figure 8 for 4 equispaced 
time-instants during a wake passing period. Once inside 
the blade passage, the wake is stretched and distorted 
due to the effect of the transverse pressure gradient 
across the passage. Close to the suction side the wake is 
substantially accelerated and near the pressure side it is 
decelerated. 

To make the temporal variation more obvious, the 
time mean distribution of the skin friction has been 
added to the plots. In particular on the suction-side, the 

interaction of the wake with the boundary-layer induces 
substantial fluctuations of the skin friction both in the 
laminar and the transitional part. Whereas in the laminar 
part the skin friction variation is rather of convective 
nature20, it is in the transitional part mainly due to the 
production of Reynolds stresses. At the first time-instant 
shown (t=tn), the wake has not yet reached the rearward 
part of the suction-side boundary-layer. Transition does 
then not start before x/L=0.92. Upon impingement of 
the wake (t=to+T/4), the transition zone starts to move 
upstream. At t=to+T/2, where the trailing edge of the 
wake has already proceeded beyond the trailing edge of 
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Measurement: (E-EQ) / Eg Prediction: vT,max 

high 

low 

0.2      0.4      0.6      0.8      1.0 
x/1 

Measurement: ERMS/Eg 

0.2      0.4      0.6      O.i 
x/1 

Prediction: kmnr 

Figure 9. Temporal evolution of suction side boundary-layer parameters for 3 wake passing periods, mea- 
surements from Acton & Fottner1,2 (left), computational results (right). 

the blade, the transition start has reached its furthest 
upstream position (x/L=0.76). At the last time-instant 
shown (t=to+3T/4), the diminishing zone of elevated 
levels of eddy-viscosity suggests that the boundary- 
layer is in a process of becalming15. 

The wandering of the transition start location results 
in a fairly smooth increase of the time mean skin-fric- 
tion (figure 8). It is interesting to note that the time mean 
is clearly different from the steady-state result shown in 
figure 4. While the steady-state skin friction shows a 
laminar separation-bubble of substantial extent, there is 
none in the time mean. This finding is in agreement with 

the experimental observations1'2. Also, the skin friction 
in the laminar part of the suction-side boundary-layer is 
higher than in the corresponding steady-state distribu- 
tion. 

The disagreement of the steady-state and time-mean 
unsteady results observed here is in contrast to the tran- 
sitional flow computations by Halstead et al.16 who 
found "strong agreement" for the case of a compressor. 
Their computations were obtained using the unsteady 
boundary-layer code by Fan & Lakshminarayana14. 
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Comparison with Hot Film Data 
For a "semi-quantitative" comparison with the hot 

film measurement data by Acton & Fottner1'2, space- 
time plots are considered. In figure 9, the abscissa show 
the wall shear or maximum kinetic energy of the suc- 
tion-side boundary-layer and the ordinates are the time 
axes covering 3 wake passing periods. The comparison 
is semi-quantitative since the hot film data are in a raw 
form, i.e. in terms of the hot film anemometer output 
voltage (E-EQ)/ E0 normalized by the zero flow signal 
E0. No calibration was performed by Acton & Fottner to 
obtain   the   shear   stress   using   the   proportionality 
3/TW~(E -E0)/EQ. Nevertheless, a comparison of 
(E-E0)/ E0 with the computed wall shear stress is mean- 
ingful since the variation of these quantities is of prime 
interest here. Also, the root mean square of the hot film 
signal ERMS, which represents a measure for the turbu- 
lent fluctuations within the boundary-layer, are com- 
pared with the computed maximum kinetic energy kj^ 
of the boundary-layer. As with the used one-equation 
turbulence model the kinetic energy is not readily avail- 
able, the Bradshaw assumption ak = vT|£2| with a=0.3 
is employed to obtain a rough estimate. 

For better insight, the leading edge "WLE" and trail- 
ing edge "WTE" of the wake path, as can be clearly 
identified in the kmax-plot, have been copied into all 
space-time diagrams (dash-dotted black lines). Addi- 
tionally, the wake paths as defined in the v. T, max -dia- 
gram of figure 10 have been drawn in white lines. The 

is the maximum eddy-viscosity of a given 

boundary-layer profile. As soon as the turbulent wake 
with its elevated values of eddy-viscosity reaches the 
freestream edge of the boundary-layer, vT max starts to 
grow. However, not before the wake penetrates deeper 
into the boundary-layer to reach layers of increased vor- 
ticity will k^,^ grow. Therefore, in the kmax-plot the 
leading edge path of the wake lags the forward vT max - 
path. From figure 10 it can be observed that the kmax 

trace of the wake is accompanied by a decrease of the 
shape parameter H. 

For an easier comparison, the temporal variation of 
the transition start location "T", as obtained in the calcu- 
lation, has been marked (as solid black line) and copied 
into the measurement diagrams. To do so it was 
assumed that the transition start is always associated 
with a pronounced increase of the wall shear stress. It 
can be seen that the computed "T" variation provides a 
rather good match to the measurement. Note that both 
the measurement and the calculation produce two peaks 
(i.e. two extreme upstream positions) instead of a single 
one during a wake passing period! 

The measured and computational space-time plots of 
the wall shear stress show that upon impingement of the 
wake the transition start "T" moves upstream. It reaches 
its furthest upstream position (at about x/L=0.75, loca- 
tion "1" in the figure 9) shortly before the trailing edge 
of the wake is reached. Then "T" is moving downstream 
almost up to the trailing edge, to location "2".The 
boundary-layer is becalming15. 

v T, max 

shape parameter H max. eddy viscosity V
T, max 

0 0.2      0.4      0.6      0.8      1.0 

x/1 

Figure 10. Temporal evolution of suction-side boundary-layer parameters for 3 wake passing periods, 
shape parameter (left), max. eddy-viscosity (right), computational results . 
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a) Test Case ("Turbine Cascade) b) Turbine (Cruise. Low Re) 

LE 
A: laminar 

B: transitional 
C: turbulent 
D: becalmed 

E: transitional 
F: turbulent 
G: becalmed 

wake-induced 

inbetween wakes 

c) Turbine (Take-Offi 

W: wake path I: path between wakes 
LB: transition start (wake-induced) 
LE: transition start (inbetween wakes) 

Figure 11. Composite pictures of boundary-layer development, (a) derived from the present computational 
results for a turbine cascade, (b) and (c) according to Halstead et al.16. 

Before the next wake enters the boundary-layer, "T" 
starts to propagate upstream to reach point "3". Then 
"T" slightly recedes to point "4" before a new cycle of 
wake-induced transition is introduced with the arrival of 
the next wake. 

The space-time plots for the turbulent fluctuations 
(ERMS and kMax in figure 9) show a very similar tempo- 
ral behavior. By comparison with the wall shear stress 
plots, it can be observed that the fluctuation level 
increases well before the skin friction does. The maxi- 
mum of the computed fluctuation level, however, is 
reached further downstream than in the experiment. 
Moreover, the simulation is not capable to really repro- 
duce the growth of the pretransitional disturbance level 
as is clearly evident in the ERMS-plot. Primary instabili- 
ties (Tollmien-Schlichting waves) cannot be predicted 
with the current method. Although not all effects of the 
complicated wake-induced transition can be calculated 
with the current RANS approach, the agreement 
observed is quite remarkable and encouraging further 
assessment and refinement of the model. 

The observed temporal evolution of the boundary- 
layer state is summarized in figure 11(a) in a fashion as 

was done by Halstead et al.16. Due to the increased tur- 
bulence of the wake, transition reaches its most 
upstream extent, "B". The measurement as well as the 
computational results show that the wake-induced tran- 
sition develops gradually. In the calculation this effect 
can be simulated because activating the production term 
of the turbulence model at a more upstream position 
results in a gradual increase of eddy-viscosity. The tur- 
bulent spots produced in "B" bring about a becalming 
process "D" where the transitional boundary-layer is 
gradually relaxing to a laminar one. Although a RANS 
analysis is fully blind of isolated turbulent spots, the 
ensemble-averaged effect of becalming can be simu- 
lated as gradual deactivation of the production term 
allows for a gradual decrease of the high eddy-viscosity 
levels generated earlier within the transitional strips. As 
a result the transitional boundary-layer asymptotically 
relaxes to a laminar one. Between the wake paths, a 
transitional zone "E" evolves. The calculation is capable 
of predicting it, since the diminishing Reynolds stresses 
of the becalming boundary-layer result in a less stable 
profile which the transition criterion is able to catch 
through an increasing shape parameter. It becomes clear 
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that important history effects of wake-induced transition 
can be effectively incorporated by manipulation of the 
production term, rather than by manipulation of the 
eddy-viscosity as is done in many algebraic intermitt- 
ency models. 

For comparison of the present observations of wake- 
induced transition in a turbine cascade, the composite 
pictures of boundary-layer development for a turbine at 
cruise 11(b) and take-off conditions 11(c) according to 
Halstead et al. are supplied. 

Conclusion & Outlook 

A time-accurate RANS method has been developed 
which is capable to effectively account for important 
effects of wake-induced transition in unsteady turboma- 
chinery flow including the periodic upstream migration 
of the transition start, becalming as well as laminar sep- 
aration-bubble induced transition. 

The turbulence and transition model is based on the 
modification of the Spalart & Allmaras one-equation 
transport model and the use of a transition correlation by 
Drela. The model has been implemented into a parallel 
simulation system in such a way to allow for its applica- 
tion to unsteady multistage turbomachinery flow. 

The validity of the approach has been demonstrated 
for the case of a turbine cascade subject to the unsteady 
wake of a moving bar. Although not all effects could be 
reproduced the agreement found is so good that the 
computation is believed to be a valuable supplement to 
experiments on wake-induced transition. 

In future, the current approach will be applied to 
more validation cases. The refinement and assessment 
of the turbulence and transition model will continue. 
There are no plans to depart from the underlying con- 
cept of modifying the production term of the turbulence 
model. 
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